Purpose To describe different methods of inter-eye asymmetry of rim area (RA) to disc area (DA) asymmetry ratio (RADAAR) analysis. Methods This was an observational, descriptive, and cross-sectional study. Both the eyes of all participants underwent confocal scanning laser ophthalmoscopy (Heidelberg retina tomograph (HRT 3)), frequencydoubling technology perimetry (FDT), and complete ophthalmological examination. Based on ophthalmological clinical examination and FDT results of the worse eye, subjects were classified as either normal, possible glaucoma, and probable glaucoma or definitive glaucoma. RADAAR values were calculated based on stereometric HRT 3 values using different mathematical formulae. RADAAR-1 was calculated as a relative difference of rim and DAs between the eyes. RADAAR-2 was calculated by subtracting the value of rim to DA ratio of the smaller disc from the value of rim to DA ratio of the larger disc. RADAAR-3 was calculated by dividing the previous two values. Statistical analyses included ANOVA as well as Student t-tests. Results Data of 334 participants were analysed, 78 of which were classified as definitive glaucoma. RADAAR-1 values were significantly different between the four different groups of diagnosis (F ¼ 5.82; Po0.001). The 1st and 99th percentile limits of normality for RADAAR-1, RADAAR-2, and RADAAR-3 in normal group were, respectively, À10.64 and 8.4; À0.32 and 0.22; and 0.58 and 1.32. Conclusions RADAAR-1 seems to best distinguish between the diagnostic groups. Knowledge of RADAAR distribution in various diagnostic groups may aid in clinical diagnosis of asymmetric glaucomatous damage.
Introduction
The early diagnosis of glaucoma remains a major issue in current ophthalmic research. Traditionally, it is based on the evaluation of optic discs and visual fields of subjects. Knowing that optic disc changes usually precede detectable visual field loss in early glaucoma, [1] [2] [3] [4] imaging devices, such as confocal scanning laser ophthalmoscope, are now used to evaluate optic discs.
The Heidelberg retina tomograph, (HRT, Heidelberg Engineering, Heidelberg, Germany), a type of a confocal scanning laser ophthalmoscope, produces a composite image of the optic nerve composed of 32 coronal sections, allowing a three-dimensional view of the optic nerve and quantification of various structural parameters. The neuroretinal rim asymmetry is an important factor in diagnosing glaucoma. And it has been found to be superior to the cup to disc ratio for glaucoma diagnosis. 5, 6 Another parameter has recently been described, namely rim area (RA) to disc area (DA) asymmetry ratio (RADAAR). This parameter was stated based on the fact that by comparing the two eyes of each subject, asymmetry takes into account inter-individual measures variation. Moreover, RADAAR seems to describe normality with consistency and it correlates significantly with intraocular pressure (IOP) and degree of the severity of glaucomatous optic nerve damage in patients with glaucoma. 7, 8 Harasymowycz et al 7 and Hawker et al 8, 9 used different formulae to express inter-eye asymmetry. Given that the choice of the method for calculating asymmetry is trivial and that there is no consensus yet, the present study aims to describe and compare the inter-eye asymmetry of RA and DA (RADAAR) using different formulae in different diagnostic groups.
Materials and methods

Study population
This was an observational, descriptive, and cross-sectional study. Study subjects were recruited from a tertiary care glaucoma clinic at Maisonneuve-Rosemont Hospital as well as from mobile glaucoma-screening clinic sessions (GSCS) organised at differents centres in Montreal, Canada, during a 5-year period (July 2003-July 2008). The study was approved by the ethics board of Maisonneuve-Rosemont Hospital; written, informed consent was obtained from all subjects and the study was conducted in accordance with the Declaration of Helsinki. Inclusion criteria for subjects from the GSCS have been previously published. 10 The present study includes only subjects older than 50 years of age. The exclusion criterion was inability to perform an HRT or an ophthalmological examination.
Ophthalmological examination
All subjects underwent a standard ophthalmological examination performed by the same glaucoma specialist (PJH). It included gonioscopy, IOP measurement, slit-lamp examination, and observation of the optic disc, nerve fibre layer, and retina after pupil dilation. Glaucomatous optic nerve damage was documented using vertical cup/disc ratio and the Disc Damage Likelihood Scale (DDLS), where stage 0 represents no damage and stage 7 far advanced rim loss. 11 Based on the optic nerve and retinal nerve fibre layer ophthalmic examination results for each participant, individual eyes were classified as being normal (DDLS 0-1), glaucoma suspect (DDLS 2-3), or glaucoma (DDLS 4-7).
Frequency-doubling technology
All subjects had visual field testing in both the eyes using the frequency-doubling technology perimetry (FDT) screening C-20-5 programme (FDT, Carl Zeiss Meditec Inc., Dublin, CA, USA). For the C-20-5 algorithm, the test was explained to each subject, and a preview of the target stimuli was shown at the beginning. Both the eyes were tested according to the instrument protocol. Testing was performed in a dark room. In all, 17 targets were presented within the central 20 degrees of field. The FDT visual field had to be reliable (false positives less than 33%, false negatives less than 33%, and fixation losses less than 33%). The screening results are displayed with four qualitative loss classifications ('within normal limits', 'mild relative loss', 'moderate relative loss', and 'severe loss') based on age-related normative references. Abnormal FDT included at least two adjacent points of mild relative loss in C-20-5 algorithm. 12 Also visual field damage was documented using Patel et al 13 score where score 0 represents no damage, and score 87 far advanced visual field loss. This score was derived from an interpretation algorithm where the values are assigned based on both the degrees or depth of defect and the location thereof. Thus, a value of 1 was assigned to the outside 12 points, a value of 3 to the inner four loci, and a value of 5 to fixation. Each point was graded from 0-3 on the basis of the depth of defect. Normal areas were assigned a value of 0, mild defects were graded as 1, moderate as 2, and severe as 3 on the basis of the FDT gray-scale printout. This score of 0 through 3 was multiplied by the weighting factor of 1, 3, or 5. A final score was determined by summing all abnormal points with ranging from 0 for a completely normal test to 87 for a test in which all points were missed at the maximum.
Normal, possible glaucoma, probable glaucoma, and definitive glaucoma subject classification based on the worse eye
The results of the ophthalmic examination and FDT were combined to classify eyes into four diagnostic categories (Table 1) . Each eye of subjects that were normal based on ophthalmic examination with normal visual fields on FDT was classified as 'normal'. Those who were normal on ophthalmic examination with abnormal visual fields on FDT or glaucoma suspect on ophthalmic examination with normal visual fields on FDT were classified as 'possible glaucoma'. Those who were glaucoma suspect on ophthalmic examination with abnormal visual fields on FDT or glaucoma on clinical examination with normal visual fields on FDT were classified as 'probable glaucoma'. Finally, subjects with a diagnosis of glaucoma on ophthalmic examination with abnormal visual field were classified as 'definitive glaucoma'. Only the eyes with good-quality HRT 3 exam and one good-quality FDT visual field in each eye within 6 months to the imaging date were included. Each subject was then classified as being normal, possible glaucoma, probable glaucoma, or definitive glaucoma based on the worse eye.
Confocal scanning laser ophthalmoscopy
All subjects also had a confocal scanning laser ophthalmoscopy (HRT 3 examination (HRT, version 3, Heidelberg Engineering) performed by the same trained ophthalmic photographer who outlined the optic disc margin. The working principle has been published. 14, 15 Image was in acceptable quality if the topography standard deviation (SD) value was inferior to 40 microns as defined by the manufacturer. Accommodation, distance of camera, blink and fixation loss, image brightness, eye movement, image illumination, and eye drift were also taken into account and the quality cheque had to be classified as least as 'good'. The HRT 3 examination results included Moorfields regression analysis (MRA) classification 16 ('normal', 'borderline', and 'out of normal limits'), DA, cup area (CA), RA, and cup to DA ratio (CDAR).
Asymmetry of variables
RADAAR values were calculated based on global stereometric HRT 3 values using different formulae including Harasymowycz et al 7 (RADAAR-1) and Hawker et al 8, 9 (RADAAR-2 and RADAAR-3). RADAAR-1 was calculated as a relative difference of rim and DAs between the eyes (one minus RA of smaller DA divided by RA of larger DA; this all divided by one minus smaller DA divided by larger DA). RADAAR-2 was calculated by subtracting the value of rim to DA ratio of the smaller disc from the value of rim to DA ratio of the larger disc. RADAAR-3 was calculated by dividing the previous two values (Figure 1) .
Asymmetry or inter-eye difference of other HRT 3 parameters including RA, CA, and CDAR were calculated by subtracting the value of the smaller disc from the value of a larger disc for each variable. Difference in DA was also calculated by subtracting the smaller DA from the larger DA. Differences for others variables including the IOP, the central corneal thickness (CCT), and the clinical-estimated DDLS were calculated in the same way.
Statistical analysis
Statistical analyses were performed using SPSS software version 16.0. (SPSS, Chicago, IL, USA). Statistical significance was set at Po0.05. ANOVA was used to compare the mean values of RADAAR using the different formulae for the four groups. Multiples comparisons were then made using the Tukey post-hoc test.
Results
Study population characteristics
Out of 523 subjects enrolled in the database available for this study, 77 subjects were from the tertiary care glaucoma clinic and 446 subjects were from mobile glaucoma-screening clinic session. A total of 95 subjects were excluded due to inability to have a good HRT examination. It included subjects in whom HRT exams had not been performed (74) or in whom HRT has been done in only one eye (9 subjects), and subjects with unreliable HRT based on criteria set forth in the Materials and methods section (12 subjects). Eight subjects also were excluded due to inability to have a FDT examination. Additionally 86 subjects were excluded due to unreliable FDT based on criteria state in the Materials and methods section, in both the eyes (22) in right eyes (23) , and in left eyes (41) leaving 334 subjects for this study.
The diagnostic classification of subjects based both on clinical examination and visual fields of the worse eye included 108 normal, 121 possible glaucoma, 27 probable glaucoma, and 78 definitive glaucoma subjects. The characteristics of subjects from the four diagnostic groups are summarised in Table 2 . There were more females than males. The normal subjects were significantly younger than subjects of the other groups (Po0.000). Inter-eye difference of most clinical parameters was statistically significantly different between the four groups of diagnosis (inter-eye IOP difference (F ¼ 11.683; Po0.000), inter-eye DDLS difference (F ¼ 13.19; Po0.000), and inter-eye clinical CDAR difference (F ¼ 7.28; Po0.000)). This statistical difference between the diagnostic groups was also found with clinical variables of worse eye of each subject (IOP of the worse eye (F ¼ 73.03; Po0.00), DDLS of the worse eye (F ¼ 37.9; Po0.000), and clinical CDAR of the worse eye (F ¼ 25.47; Po0.000)). Table 3 displays the mean topography SD which indicates HRT 3 image quality and HRT 3 data for the study population, including DA, CA, RA, and CDAR. In all diagnostic groups, there was a statistically significant inter-eye difference between smaller and The Tukey post-hoc test indicates that the statistically significant difference was between definitive glaucoma and normal subjects ((mean difference ¼ ± 32.6, Po0.000, for FDT score), (mean difference ¼ ± 1.7, Po0.001, for inter-eye IOP difference), (mean difference ¼ ± 1.2, Po0.000, for inter-eye DDLS difference)); between definitive glaucoma and possible glaucoma subjects ((mean difference ¼ ± 23.7, Po0.000 for FDT score), (mean difference ¼ ± 1.7, Po0.001, for inter-eye IOP difference), (mean difference ¼ ± 1.0, Po0.000, for inter-eye DDLS difference)); as well as between definitive glaucoma and probable glaucoma subjects ((mean difference ¼ ±1.5, Po0.001, for inter-eye IOP difference), (mean difference ¼ ±0.6, Po0.017, for inter-eye DDLS difference)). *P-value of ANOVA test, statistical significance level at 0.05.
Inter-eye asymmetry of rim area and disc area AAK Fansi et al larger value of HRT 3 parameters. RA mean value in the definitive glaucoma group, CA mean value, and CDAR mean value in the probable glaucoma group did not reach statistical significance. In addition, RA difference (Po0.01), CA difference (Po0.00), and CDAR difference (Po0.00) were statistically different between groups with increasing difference from normal to glaucoma. DA difference was not statistically different between the groups.
RADAAR formulae and the four different diagnostic groups
The distribution of values for the RADAAR parameters using different formulae follows a bell-shaped distribution. Figure 2 shows the distribution of values of RADAAR-1 in normal, possible glaucoma, probable glaucoma, and definitive glaucoma groups illustrating a shift to the left and more variance in subjects with definitive glaucoma. The 1th and 99th percentile limits of normality for RADAAR-1, RADAAR-2, and RADAAR-3 were, respectively, À10.64 and 8. The mean±SD of RADAAR values in normal, possible glaucoma, probable glaucoma, and definitive glaucoma groups were, respectively, 0.56 ± 2.4, 0.79 ± 3.6, 0.71 ± 3.5, and À3.64 ± 15.4 for RADAAR-1. These results were, respectively, À0.02 ± 0.1, À0.02 ± 0.09, À0.01 ± 0.1, and À0.05 ± 0.2 for RADAAR-2 and finally these results were, respectively, 0.97±0.1, 0.98±0.1, 1.01±0.2, and 1.01±0.6 for RADAAR-3.
There was a significant difference in central tendency (mean) of RADAAR-1 between the different diagnostic groups (F ¼ 5.824, Po0.000). The Tukey post-hoc test indicates that this statistically significant difference was between definitive glaucoma and normal subjects (mean difference ¼ ± 4.2, Po0.003) as well as between definitive glaucoma and possible glaucoma subjects (mean difference ¼ ±4.42, Po0.001).
RADAAR formulae and clinical variables
A correlation was found between RADAAR-1 and the IOP of the worse eye (r ¼ À0.128;. Po0.026) as well as the DDLS of the worse eye (r ¼ À0.164; Po0.028). Also, difference in inter-eye IOP significantly correlated with RADAAR-2 (r ¼ À0.168; Po0.003). A correlation was Abbreviations: HRT 3, Heidelberg retina tomograph 3; SD, standard deviation. HRT 3, confocal scanning laser ophthalmoscopy; SD HRT 3, mean topography standard deviation indicating HRT 3 image quality; CDAR, cup to disc area; Student t-tests P-value ¼ mean difference is significant at the 0.05 level. Figure 2 The distribution of RADAR-1 measures in normal, possible glaucoma, probable glaucoma, and definitive glaucoma groups.
found between RADAAR-3 and the clinical CDAR of the worse eye (r ¼ À0.224; Po0.000).
Discussion
Although open-angle glaucoma may be bilateral and cause symmetric damage, a meticulous study of the discs will often reveal an asymmetry of the rim to disc ratio especially at an early stage of the disease. A study in an animal model showed that the progression of the disease was often asymmetric between the eyes of individual mice. 17 The tendency towards asymmetrical development of congenital glaucoma was well illustrated by some authors showing unilateral development in about 25% of cases. 18 The role of asymmetry in early diagnosis of glaucoma is therefore indisputable and, in this context, three studies [7] [8] [9] have recently investigated the utility of asymmetry measures in glaucoma diagnosis using HRT.
As observed by Hawker et al, 8 asymmetry measures by subtracting the value of the right eye from that of the left eye may explain the insensitivity of the measure of asymmetry to detect glaucoma as found in The Blue Mountain Study, 19 where only the vertical cup disc ratio was considered. Measuring the asymmetry between the small and large disc ensures a certain consistency of asymmetry that is less susceptible to changes with the optic disc and cup size. In addition to the potential of reducing the variability of HRT parameters by taking asymmetry into account along with age, 20 gender, 21 DA, 16, 20, 21 and refraction 22 as found in previous studies, our study indicates that RADAAR may be useful to distinguish between normal and glaucoma patients. The current study describes distribution of three asymmetry formula in different populations.
Harasymowycz et al 7 suggested the RADAAR-1 formula using a larger disc-smaller disc comparison, based on the fact that RA increases to a smaller degree than CA with increases in the disc size. It was found that the RADAAR-1 measurements were significantly correlated with IOP and the degree of glaucomatous optic nerve damage in glaucoma patients. In this study, however, they did not test the ability of RADAAR-1 to discriminate between normal and glaucomatous eyes.
In the present study, the ranges of results with RADAAR using different formulae were determined for subjects in the different diagnostic categories (Figure 2 ). In general, SD of RADAAR mean values using different formulae was higher in the group with definitive glaucoma compared with the others groups signalling the great variation of RADAAR values in this diagnostic group. This variation of SD was higher with mean RADAAR-1values compared with mean RADAAR-2 and RADAAR-3 values. RADAAR-1 values correlated with IOP and DDLS of the worse eye. The smaller the RADAAR-1 value, the greater was the IOP and DDLS stage of the 'worse eye', thus confirming the correlation of RADAAR-1 with the degree of severity of the disease. The absence of correlation of RADAAR-1 with the differences in IOP and DDLS, however, may be explained by the absence of a great asymmetrical glaucomatous damage in this study population. This is illustrated by both the lack of significant statistical difference in neuroretinal RA between the eyes in the group of definitive glaucoma (Table 3 ) and the finding of the existence of great correlation between inter-eye RA difference, and RADAAR-1 measurements in the same group of diagnosis. Also, this study included only subjects with diagnosis of primary open-angle glaucoma comparing with previous study populations, 11 which included pseudoexfoliative glaucoma and low-tension glaucoma, which may exhibit more asymmetric damage.
Hawker et al, 8 in their first paper, chose to compare eyes not on a relative scale, but on an absolute one by subtracting smaller disc parameters from the larger disc parameters, arguing that by comparing the results between eyes by division rather than subtraction results in a loss of potentially useful information. In the current study, this formula (RADAAR-2) failed to discriminate between the different diagnostic groups as well as RADAAR-3, a formula used in a later paper. 9 However, a statistical significant correlation found between RADAAR-2 measurement and IOP of the worse eye as well as inter-eye IOP difference, especially in the definitive glaucoma group, and also the correlation found between RADAAR-3 and the clinical CDAR of the worse eye, tends to confirm again the correlation of RADAAR value with the degree of severity of the disease.
The classification of different diagnostic groups is one of the key points on which all the results of this study depend. The ideal diagnosis correlates structural (optic nerve head) and functional (visual field) damage. This was done in our study but the optic nerve head exam was performed by one glaucoma specialist and documented using the DDLS. The DDLS has been shown to have an area under the curve of 0.95 for perimetric glaucoma. 23 We used FDT perimetry as frequencydoubling technology, which has been reported to be a good predictor of future standard automated perimetry visual field defects. [24] [25] [26] We considered two or more adjacent squares of relative loss as abnormal using the C-20-5. In a previous study, this definition was associated with a specificity of 85% and a sensitivity of 66.7% for glaucoma, 12 and in the current study influenced the distribution of patients in their various diagnostic groups. Hawker et al 9 chose to define glaucoma based on visual fields because of the problem of disagreement in classifying optic nerve heads clinically. 27, 28 Additionally, they took into account only two groups of diagnoses: normal and glaucoma. In this study, we chose to integrate glaucoma suspect groups, including possible and probable glaucoma diagnostic groups, as it reflects the clinical reality that all data must be taken into account when deciding the likelihood that a patient may have glaucoma.
Current study limitations include the accuracy of drawing the HRT contour line, as well as the fact that only one ophthalmologist examined subjects. The relatively small number of subjects in the different diagnostic groups, as well as the difference from where they were recruited (normals mostly from screening and glaucomas mostly in a clinic setting) also induces biases.
In conclusion, knowledge of RADAAR distribution in various populations of patients may aid in the clinical diagnosis of asymmetric glaucomatous damage. Despite its poor correlation with different clinical variables, the RADAAR-1 formula seems to best distinguish between different diagnostic groups. Further studies are needed to determine the validity of RADAAR in detecting asymmetric glaucoma damage in various populations as well as to describe the utility of RADAAR in detecting glaucoma in its various stages.
Conflict of interest
The authors declare no conflict of interest.
